Signalling concerns the transfer of information from one body, a source, to another, a receiver in order to stimulate activity. The problem arises with the word information. It is defined as what is transferred in a sequence of things, say between people, e.g. words or signs. The idea of signalling between people is then obvious but it is not clear in cell biology. Information transfer, signalling, is required for the organisation of all cellular activity but we must ask what is transferred and how is it transmitted and received? Sometimes it is assumed that all information, i.e. organisation in a cell, is represented in the DNA sequence. This is incorrect. We shall show that the environment is a second source of information concerning material and energy. The receiving party from both DNA and the environment is general metabolism. The metabolism then signals back and sends information to both DNA and uptake from the environment. Even then energy is needed with machinery to send out all signals. This paper examines the way signalling evolved from prokaryotes through to man. In this process the environmental information received increased to the extent that finally the brain is a phenotypic as much as a genotypic organ within a whole organism. By phenotypic we mean it is organised by and interactive with information from the environment.
and activation on receipt of the message. Now the difficulty here is that "information" does not have a very obvious meaning. If we define information as that which is transferred in a sequence of things it is easily understood in the messages between two people because they have language, for example, in common, and they have equipment with an energy supply to send out, to receive and so act on these messages. What is the equivalent structure in lower organisms?
If we start again from the idea that information is that which is conveyed by a sequence of things then we see that for there to be such conveyance, there has to be an energised source, a sending out of energy or material (a signal), and a receiver which is affected by the energy or material so that it responds, but the response and the signal are not the same. Notice in particular that the signal is in a sequence and therefore has a directional character on reading. Clearly conveyance is improved if it is guided from source to receiver. Now we have to be careful with the above descriptions relating to signalling since we must distinguish a system which is "formed" by the bringing together of various flowing parts in a construction and an "informed" system which has in addition a formative message by which one formed system affects another. First we describe some abiotic systems so as to clarify definitions.
Consider the sun as a source of radiation and Earth as creating a gravitational field. The sun heats Earth's surface generating a temperature gradient. These two sources convey energy to the sea in gradients and affect the behaviour of water so that it rises as vapour and falls after condensation. There is an interesting intermediate steady state in which the water forms clouds. The water in a cloud is also affected by the horizontal movement of the air, which again arises from the sun's radiation through the creation of differential pressures in different places. These movements are called winds and they convey directional momentum to the water vapour both as vapour and droplets. Following our definition the resultant clouds, which form shapes and move in a regular way, are not just created by these sources but they confine them forcing a given behaviour as part of a "formed system". The source of form is the sun and Earth, which convey energy in a continuous sequence. However, the energy is received by water in both vapour and liquid droplets, in a particular directed way so that together they are affected so as to form the clouds. We could say the sun and Earth transmit to the water. All three have in common a quality, energies, which the first two send out and the third receives. The water responds by forming clouds. To this system consider the addition through some action of small crystals, even dust. These particles have a surface and the surface has a structure. Water molecules in the atmosphere bind to the surface to form droplets and then can be released so that a cloud formation is engendered. The crystal surface acts as a source of information aiding the process but it is not a part of the system itself. It is not essential once the result is achieved. The system does not involve physical or chemical change in the particles. Note the cloud is eventually the result of a cyclic steady state no matter whether dust is present or not where the path forward is different from the path back and the dust informs the path forward. The dust is from an outside source. We turn next to a chemical example.
Oxygen absorbs energy from the sun to give ozone. Both oxygen and ozone absorb gravitational energy conveyed by Earth. There is directional as well as energy content. Together O 2 and O 3 form the ozone layer at a given height above Earth. The donors of energy are the sun and Earth, the receiver is O 2 + O 3 , energy is transferred and the oxygen responds to give a shaped object the steady state ozone 282 R.J.P. Williams 2004 vapour droplet layer. The whole is a "formed" system. The chemical cycle is
The addition of catalysts to either process informs the system. The catalyst is from an outside source. Clearly a "formed" system can arise from one substance in a cycle but an "informed" system requires an additional substantial system to apply a thing, a signal, to the single substance system when it becomes "informed". We shall give one further example. We shall see that the shape of a river is a consequence of water flow in an "formed system". The water, the receiver, has been energised from its origin in the sea and falling as rain on high ground due to gravity it flows down-hill again due to gravity. Hence the flow is picking up directional gravitational energy conveyed from Earth and heat, conveyed from the sun just like a cloud. It is a formed system. Now as it flows, the river follows contours of the land within banks, which act as directed repulsive physical barriers. Banks convey repulsive energy and rivers follow a meandering shape. The water is guided. Here a new repulsive energy has been conveyed to the flow by a barrier, which therefore forms the water flow. The bank is not part of the flowing system, which is energised water, but forms its course.
Only now are we ready to tackle formed and informed systems in a reproductive cell. We must define its form and information (signals) and the sources and receivers of that information. Clearly material from outside the cell membrane, and energy from the sun for example, are obviously formative and this material and energy act in many ways so that the mode of conveyance of flow is continuously changing in materials inside the cell. The materials form concentrations (gradients) which then inform one another. We treat form first.
(1) ATP is formed after potential energy, charge-gradients formed by external energy causing flow of electrons and protons, is applied in protein machines, to which we return. This is oxidative and photo-phosphorylation. The source of energy is the sun or external chemical energy, O 2 + sugars. (Compare the sun's effect on water.) Since ATP decays the ATP cycle becomes a formed steady state like a cloud.
(2) Uptake and rejection of elements at the cell membrane, a barrier, by pumps, worked by chemical energy transfer, e.g. ATP, form many internal concentrations and gradients of metal ions and small substrates. They too can decay or react further to give a formed steady state.
(3) Inside the barrier the elements taken up are metabolised by chemical sources of energy, for example ATP, using enzymes to give larger substrates and biopolymers. These form new gradients of flow in synthesis and degradation to give a further steady state.
(4) The proteins, enzymes, also make bases using basic environmental material and energy and these bases are polymerised to give RNA and DNA.
(5) The metabolism also makes saccharides and lipids which form walls and membranes.
The whole generates a "formed system" which has no well-defined content. To create a defined content, homeostasis, seen in any cell there are several extra reactions which inform all the activities.
(6) The concentration of ions and substrates in the cytoplasm feed back to the pumps to stop uptake at a certain value, so that their concentrations are in fixed steady states. The pumps are informed by the very objects they pump by this feedback. The ions and substrate concentrations are signals, see Fig. 1 , recognised by binding constants.
(7) The proteins are synthesised and informed, under the influence of RNA, in sequences of amino acids. RNA is also synthesised and informed by the sequence of bases of DNA. DNA with energised machinery can Vol. 51 Signalling: basics and evolution 283 3O 2 2O 3 self reproduce and self inform. The sequences are determined by binding energies along the length of RNA and DNA and the knitting together in syntheses using ATP energy so that there is directed flow of connection of bases as of water in a river -the polymerisations have guided informed routes in sequences.
(see the definition of information) Note the every-increasing use of barriers as conveyors of information -extensive signalling.
(8) The particular amounts of DNA, RNA and proteins formed arise from the consequences of the concentration gradients of substrates and metal ions of various kinds in (3) and (4) which act through binding to transcription factors, proteins. The transcription factors thereby inform the DNA synthesis machine. The interaction of substrates and metal ions with the proteins in (1) pumps (2) machines (3) enzymes (4) enzymes (6) machines together with (8) proteins which bind RNA and DNA as transcription factors, means that the substrates and ion concentrations signal and act as information to them all. These interactions then form feed-back flowing conveyance loops to all activities. Information (signalling) is widespread throughout the cell creating holistic organisation.
(9) The energy carriers, NTP, also are allosteric effectors, informers, of much of metabolism acting on enzymes through binding constants and their concentration.
The whole is a back and forward interacting, reproducing set of activities where information is in energy and material transfer. Signalling is a complex concept in a cell and makes for an informed internal system of many separate pathways. In fact a system of many pathways cannot form a unity without There are no vesicles or organelles in prokaryotes so that they have only one containing membrane. The signalling is very strong internally but there is not a very strong response to the environment.
signalling between them. This initial evolution of signalling is as big a mystery as the formation of biopolymers on Earth. Let us restate the position of internal signalling. It is often stated that DNA carries the information of the cell but this is true only for us to the degree that we have learnt to read the DNA directionally in terms of amino-acids generating proteins with known activities. For the DNA to carry information in a cell requires reading machines and energy which create the RNA and then proteins using other machines, ribosomes, from energy and basic chemicals pre-synthesised as bases and amino acids. Some of these proteins are transcription factors, which inform the DNA machine as to when it should act. This information is in part about the concentrations of the very substrates used in metabolic paths and in part about the supply of food, minerals and energy, obtainable from outside sources, the environment. The outside environment content supplies metabolism but also by binding informs both the membrane and the DNA of its quantitative content. The supply from outside is assisted by membrane pumps, which use energy but also are informed about inside concentrations by feedback by binding constants. Hence there is an interactive signalling, passage of information, which creates a cell.
Both chemicals and energy are conveyed from source to receiver to generate a signalling activity as well as being part of the activity. Thus ions, substrates, proteins, DNA (RNA) have a control activity as well as participating in metabolic events. In essence the starting point of signals is two-fold, the environment and DNA, which become interactive as the intermediate products in the cytoplasmic reactions feed back and forward to both the environment via the membrane and the DNA. It may seem strange but the very objects that pick up the signals become signals to their own metabolism and parts of the machinery at all levels.
I shall assume from here on that the above is an agreed view of formation, signalling and information. We need then to specify more clearly the materials involved in signalling in different living systems but we shall stop short of considering mankind except very briefly. We start from signalling in the simplest cell -a primitive bacterium, Fig. 1 . Signalling is now the main means to internal cooperation of activity in its organised system. We distinguish here an ordered from an organised system since ordered systems are fixed and do not need signals while organised systems are dynamic in which material and energy flow. When several separate flows are needed to produce a unified activity then each flow has to be constrained by signalling. The picture of a bacterial cell is given in Fig. 1 with flows of energy and material. As stated above the number of signals in the system is huge. We list some in Table 1 . Every unit signals to more than one other in the interior of the cell so as to make it self-regulating and reproducing as listed above. The informed system includes the environment, the source of initial gradients, since binding to the surface activates the uptake. The surfaces sense gradients, see above. We must ask now how informed is a bacterial cell about its environment. It is this information transfer together with that transferred from DNA that has evolved greatly in higher organisms and is usually placed under signalling.
The metabolism of bacteria is adjusted to the supply of all nutrients, which it obtains from the environment. These include sources Vol. 51 Signalling: basics and evolution 285 of food, organic and inorganic. The outer membrane or cytoplasm has sensors and pumps for certain organic molecules and inorganic ions and they relay information to the DNA, using c-AMP for example as a triggered intermediate messenger, a signal, to transcription factors. In response the cells produce uptake or rejecting systems from DNA, e.g. the pump systems, but this type of response is only to molecules which have been met previously. Transcription factors also sense directly small molecules such as CO, NO and O 2 which penetrate the membrane. The DNA machinery responds by producing proteins relevant to these metabolites. Foreign molecules are not recognised until mutations create new proteins. The bacteria recognise particular mineral elements in the environment so as to obtain the essential uptake of Fe, Mg, Ni and so on, the concentrations of which connect directly to the DNA through transcription factors but are constrained by feedback to uptake. They even develop capture systems for Fe in response to a signal of iron deficiency. One could say bacteria have a limited informed sense of smell, chemical recognition, but a poor sense of their physical surrounds except for some species, which have magnetic/gravitational sensors. They are chemitactic in response to signals. Later light became used directly as a source of energy and as such it became part of a formed system much as it did in the ozone layer. The impact of light provides energy and substrates but the energy and substrates also signal to the transcription apparatus, dark/light switch, initiating required protein formation. So that light intensity, like environmental chemicals, directly informs the system it formed. Let us look in more detail at some specific examples of internal bacterial signalling. There are mobile coenzymes and substrates, which carry H, C, N, S, P fragments but also act as allosteric signalling switches of activities. For example, NTP is a condensation reagent and before moving on notice that it is Mg × NTP which is active. In effect a bacterial cell has a tight feed-back relationship between in-take rates, metabolic rates and the supply of proteins. The equivalent statement is that the metabolic system is informed by the environment and the DNA, while the metabolic system informs access of the environment to the cell and expression of the DNA. There is a network of exchange of information, signalling, concerning the controlled conditions of energy and material flow into and out of the cell. To understand the cell in a steady state we need the concentration terms of the metabolome, the proteome and the metallome as well as of the DNA sequence, the genome. Now we must note that the bacterial cell is only informed directly about very few parameters in the environment such as the concentrations of Na + , K + , Cl -(their pumping creates electrostatic fields), Mg 2+ , Mn 2+ , Fe
2+
(their internal levels control metabolism), sources of molecular C, N, S and P, substrates and coenzymes (for metabolism). This information is about basic nutrients and is like a sense of smell. We need to explore further the nature of the so-called "information" transfer to the cell and the link to DNA through signalling so that we can appreciate its role in later evolution. The slow development of what we recognise as senses, is central to evolution for it increasingly introduces via signals the environment into the state of an organism.
THE SINGLE CELL EUKARYOTES
We see that signalling in bacteria is very complicated but their sensing of the environment is very incomplete. In effect they have only a sense of smell, incoming chemical and energy analysis. The coming of oxygen in the atmosphere changed the environment and produced much larger cells, the eukaryotes, with longer life cycles. These organisms are capable of feeding off bacteria, even of incorporating them in the cell activity as organelles and they developed, for good reason, many vesicular compartments, Fig. 4 , see references. A great advance in them was of necessity signalling to organise all the compartments. They had to maintain of course the internal signalling of the cytoplasm and the same sensing of the environment as bacteria but there was now required back and forth communication with the compartments and organelles. Because of their longer life-time and ability to feed off large particles including bacteria, it was a great advantage for them too to be able to recognise additional features of their environment and to signal this recognition to the cytoplasmic, organelle and vesicle activities and DNA. Clearly such development required quite new sources and reception of information which we describe next.
The environment can signal to the cell via three main mechanisms since in the above description there are three very different informed systems, one based on the membrane, one on metabolism and one on DNA, which are dependent. First there is the system of all external metabolites, ions and non-metal compounds, connected to surface sensors and pumps, which can be affected by the environment. Second once inside the cell these chemicals, partly metabolised, can affect protein catalysts. The third is the linked back and The downward arrows indicate that the value may have been somewhat overestimated. There is considerable uncertainty about the smallest values.
forth response to metabolites or ions via proteins (transcription factors) which has DNA (RNA) as its information code and then proteins. The first and second type of signal can interact with the membrane and then go directly to the metabolic paths while the third goes to the transcription factors and the production of proteins. Of course the first and second signal can lead on to a
Since the third requires protein production it is slow while the first and second are fast and require nothing more than a conformational change of pumps or enzymes adjusting rates of activity. Now the need for a fast response, such as change of shape or position, is obvious in an organism of long life, which wishes to capture others for food or to escape predators. It is especially necessary too for the rejection of stored poisons and proteins from vesicles for protection. It is also very advantageous if the same signals switch on energy quickly for these activities and switch on or off other required metabolic systems associated with digestion. There is no immediate need for novel protein synthesis opposite a new external situation if all these activities are capable of modulated rate through signals from the environment to metabolic rates. What is required is that the conveying material, the messenger, does not interfere directly with the pre-existing cytoplasmic operations and their signals and does not affect the DNA machinery. An ideal signalling solution was found in addition to those in bacteria. When cells were first formed they had to be low in the calcium ion in the cytoplasm since it forms insoluble salts with organic anions. 
MULTI-CELLULAR ORGANISMS
So far we have described the signalling systems of a single cell eukaryote. Multi-cellular eukaryote organisms have quite additional problems. The whole organism starts from a fertilised special cell, this cell has to multiply differentially, and the organism must manage the environment. The requirement is for a completely new set of signals, which are not to be confused with the primitive but necessary messages in the cytoplasm of each cell and those from the more or less fixed environment of a cell now generated more and more by extracellular fluids. The signalling therefore had to coordinate separately the many slow processes of growth and the necessary fast responses of the whole organism opposite the environment. The multi-cellular organisms developed two new cell to cell signalling systems of organic chemical signals - As for prokaryotes (A) but external events relayed to internal structures (a) Shape response: contractile devices (b) Metabolic and energy response (c) Controlled external mineralization (e) Control over cell death Table 2 . Calcium in evolution slow to and from the genetic apparatus with its coded DNA (RNA) for growth and fast to and from the metabolic pathways via the membrane or senses for environmental advantage, Fig. 6 . As we shall see cells gradually became surrounded by a fixed internal extracellular fluid so that there was novel extracellular fluid/cell signalling. This signalling became dominated by a range of Ca 2+ receptors, Table 2 .
It is well-known that quite early multi-cellular systems, before there was a nervous system, used organic molecular signals (hormones) and that this innovation was differently introduced in plants and animals. The main feature in plants, taking them first as they are easier to analyse, is slow control of growth and its timing. The mechanisms are often light and temperature dependent so that the organisms have sensors for the intensity of the energy flux, though no sight. The transfer of information from light or heat to an activity depends on photoreceptors and temperature receptors which, as a result of many steps involving hormones, signal to the DNA of all cells through transcription factors. Energy from the increased light or heat then informs all protein synthesis throughout a plant. Here we see very clearly that protein receptors, with their origin at DNA, receive their information from the environment in sensing cells and that these cells inform the DNA in many other cells via hormones to activate the whole plant. The feedback is also to the synthesis of new sensing and receiving devices for light so that light capture generates greater light capture. In the process the hormonal responses of plants couple to not just the persistent primitive internal messengers of the cytoplasm first seen in bacteria but the external/internal signalling due to calcium seen in single cell eukaryotes, (hormones). In a plant the number of Ca 2+ -receptors is still small but considerably greater than in single cell eukaryotes.
Two signalling systems now act in parallel where P stands for phosphate compounds. One fast response is to energy generation coming from chloroplasts, which is sensitive to Ca 2+ and Cl -concentrations.
Let us now turn to a response of a hormone in an animal cell. Once again we need to see how signalling from one cell to another works. Lower animals, shell fish, do not have a very different response system to those of plants and it is interesting now to see how the organic chemical signalling especially in animals systems evolved from unicellular to multicellular organisms due to the availability of new elements, especially copper and zinc. This change came about as oxygen increased in the atmosphere, Fig. 7 , in the following way.
Most of these organic messengers stored in vesicles. They are actually synthesised there using oxidative mechanisms and copper enzymes. Copper itself signals its presence through copper transcription factors to the DNA. The free copper level in the cytoplasm is close to 10 -15 M, Fig. 3 , and is too low for most communication purposes. It therefore has a carrier or distributing agent sometimes Vol. 51 Signalling: basics and evolution 293 In the description of zinc internal signalling we turn to a different type of hormone from the fast acting hormones in both animals and plants and which is always present at low levels and to maintain growth but alteration of the signal affects growth. These hormones such as sterols, retinoic acid, thyroxine (ethylene?) are soluble in organic solvents such as membranes and pass through them to the DNA/RNA. They interact directly with transcription factors of a new kind -zinc fingers. The activity induced is extremely slowly Table 4 .
THE SENSES
A big step forward in evolution of signalling was in the development of sensing. The sense of smell, touch and light intensity arose in succession via prokaryotes and single cell eukaryotes as we have explained. The big advance in multicellular organisms is sight -an ability to place objects in space as well as responding to light intensity. Closely in time there developed hearing, an ability to place objects in space due to sounds. Both these senses require a coordination not just of incoming information (signals) with a muscle response but an ability to build an internal three dimensional map corresponding to the external data. In other words they have to be able to collect data and integrate it in the brain. Clearly this requires an advance of signalling on the octopus or nematode nerve responses. The detailed nature of the environment is signalled to the brain via energy transfer initially. The organ for collecting and integrating signals is the brain. Now the brain also has the ability to remember an image and give it attributes distinguishing the type of object, which is seen or heard as well as smelled. How is this achieved? We are asking how do nerve cells accumulate signals. They do so by the stimulation of growth of cells to contact one another on receipt of a message. In this way an external image is converted into a topological map of fixed gradients of charge and chemicals. The environment is now represented by coded information not in DNA. Activation of the gradients at any time recreates the image within the brain even in dreams. It also allows recognition of all aspects of the environment. The network of gradients is in storage of charge (ions) and of organic chemicals relative to the environment -here the extracellular body fluids.
THE BRAIN SIGNALS
The scavenging activity of larger animals needed more rapid internal long range response to coordinate senses and muscles at least as much as slow response using DNA and protein synthesis. To meet this demand animals, such as jellyfish, evolved elongated nerve cells to add to the message systems. These nerve cells use the Na + /K + /Cl -and to some extent Ca 2+ ion gradients to conduct current, a new message system, over long distance so as to connect organs remote from one another. Note that all the gradients used in this electrolytic signalling are present in the earliest cells and are related to the steady state metallome of all cells, Fig. 3 -observation) . This is the most primitive signalling of brains Now in advanced animals the brain is not just a relay since as a consequence of the messages the nerve cells of the brain grow creating a three-dimensional coded memory -information store or source. Once again we see the feedback nature of signalling
In the end the action is stopped but not without leaving an almost permanent imprint. This development allows the arrival of the phenotype with now a great deal of information independent from the gene, the genotype.
SUMMARY OF THE EVOLUTION OF BIOLOGICAL SIGNALLING
We need to see that the evolution of biological signalling initially largely inside cells to organise the cell was followed in stages. The second stage was two fold. Cells evolved which were larger in size, had flexible membranes and internal compartments with the environment, Fig. 4 . The new signalling, which reflected the state of the membrane, that is information about the external environment, and the relative states of the internal compartments, had to be different in kind from the primitive internal signalling. The calcium ion gradients fulfilled the need as messengers. The next step involved cell-cell signalling in multicellular organisms for time growth and later activity. Senses allow much new information from the environment. A diversity of new signalling systems evolved to relay information from cell to cell and from the outside to the organism. These signals also generated active responses. Note that on reaching the membrane of any cell signalling is dominated by calcium and then by the primitive internal signals for any fast response but for growth a quite new signalling system arose dependent on zinc ions as well as a different group of organic signals, hormones. At each stage we observe the number of calcium and zinc systems increasing rapidly. The final evolution step was that of the brain with its ability to handle vast amounts of environmental data and act accordingly. The novelty in signalling was now the Na The above signals concern the metabolites and the environment although growth of cells also involves the DNA. Now higher organisms also have new use for slow processes, Table 3 . Finally we draw attention again to the remarkable involvement of calcium in an every increasing way in eukaryote signalling, Fig. 8 .
MANKIND AND SIGNALLING
Mankind has taken signalling and control one step further in that it has advanced to or- ganism/organism signalling on a grand scale. Initially communication between two animals was probably based on sign language which became various forms of coded signal e.g. flag-signals. Later sound was developed into language. Language was coded into electronic and energy (light, microwave) signals making use of new materials and energy as sources. The signalling based on computer language would appear to be similar to that of the brain. Now a computer uses the all or none signals 0, 1 in sequences such as 0, 1, 1, 0, 0 and the receiver interprets such coded material in an all or none way. Note now the quality difference from the brain signals in that cellular information is transmitted by the intensity of binding relative to the signal molecule concentration. Each unit has an intensity unlike 0 or 1 which are all or nothing. The receiver grows to affect the behaviour of the organism gradually. Thus the image for a human brain is adjustable by experience in an uncertain (individual) way. It is also connected by inheritance to previous experience of organisms back in time since the internal responses of the cell are much as they always were. It is not a strictly reproducible response to an event and the level of predictability of the response becomes of great uncertainty. It is individual in mankind -in part inherited, genotypic, and in part from experience, phenotypic. Obviously mankind has developed signalling to an extraordinary level and is bringing about cooperation in large societies. The advance of signalling is the advance of the phenotype relative to the genotype.
SUMMARY
Signalling is not easily appreciated. It is not a simple matter of the fixed content of a mes- Vol. 51 Signalling: basics and evolution 297 
